The cool-water copepod Calanus finmarchicus is a key species in North Atlantic marine ecosystems since it represents an important food resource for the developmental stages of several fish of major economic value. Over the last 40 years, however, data from the Continuous Plankton Recorder survey have highlighted a 70 per cent reduction in C. finmarchicus biomass, coupled with a gradual northward shift in the species's distribution, which have both been linked with climate change. To determine the potential for C. finmarchicus to track changes in habitat availability and maintain stable effective population sizes, we have assessed levels of gene flow and dispersal in current populations, as well as using a coalescent approach together with palaeodistribution modelling to elucidate the historical population demography of the species over previous changes in Earth's climate. Our findings indicate high levels of dispersal and a constant effective population size over the period 359 000-566 000 BP and suggest that C. finmarchicus possesses the capacity to track changes in available habitat, a feature that may be of crucial importance to the species's ability to cope with the current period of global climate change.
INTRODUCTION
One of the main predicted effects of global climate change on the Earth's biota is a shift in species' distribution ranges. Although correlations between temperature and species' ranges have been observed for many years (Hutchins 1947) , range shifts in response to global warming are only now becoming apparent (Parmesan & Yohe 2003; Root et al. 2003) . This concept of 'habitat tracking' was originally suggested by Darwin (1859) to describe the migration of species in response to climatic fluctuations during the Pleistocene ice ages and interglacials, but for organisms whose potential for dispersal is limited, their fate under scenarios of present and future phases of rapid climate change may be extinction ( Thomas et al. 2004; Parmesan 2006; Foden et al. 2007) .
Range shifts associated with climate change have also been observed in marine species, including several commercially important fish species (Perry et al. 2005) . The full effects of global warming on marine communities may still not be fully apparent, however, since they may have differing impacts on species at a range of trophic levels. The cool-water copepod Calanus finmarchicus is an important food resource for the developmental stages of several fishes of major economic value and thus is a key species in North Atlantic marine ecosystems (Beaugrand et al. 2003) . Over the last 40 years, data from the Continuous Plankton Recorder survey have highlighted a 70 per cent reduction in C. finmarchicus biomass, coupled with a gradual northward shift in the species's distribution, which have also been linked with climate change (Heath et al. 2001; Beaugrand et al. 2002; Helaouët & Beaugrand 2007) . Given predictions of future temperature change, these trends are likely to continue or even accelerate ( Thomas et al. 2004; Kohler et al. 2007 ) and, consequently, knowledge of its population dynamics is central to understanding and predicting the response of the regional marine ecosystem to future climatic impacts.
In zooplanktonic species, the combination of biological and physical factors such as extremely large population sizes, high dispersal capability, particularly of larvae, and an ostensible lack of barriers to dispersal would suggest large-scale homogeneity of populations in the pelagic realm (Palumbi 1992 (Palumbi , 1994 Norris 2000) . Empirical studies, however, have shown the existence of cryptic species in many planktonic taxa, indicating allopatric or parapatric divergence (de Vargas et al. 1999; Lee 2000; Goetze 2003) , as well as evidence of genetic substructuring below the species level, even within ocean basins (Zane et al. 1998; Papetti et al. 2005; Darling et al. 2007; Kirby et al. 2007) . Such patterns of differentiation are indicative of limited capacity for dispersal, contrary to expectations. Modelling (Bryant et al. 1998; Heath et al. 2001; de Young et al. 2004; Speirs et al. 2006) and population genetic studies (Bucklin & Kocher 1996; Bucklin et al. , 2000 Kann & Wishner 1996) of C. finmarchicus have yielded somewhat conflicting results with respect to dispersal and connectivity across the species's range. Recent modelling studies have suggested that there may be extensive connectivity and transport across the entire range of C. finmarchicus (Speirs et al. 2006) but some genetic analyses report significant levels of genetic differentiation both between gyre systems and at basin-wide scales, suggesting limited dispersal (Bucklin & Kocher 1996; Bucklin et al. 2000) . These early molecular studies relied largely on uniparentally inherited markers that exhibit limited levels of polymorphism and often commented on the need for high-resolution genetic analysis to better elucidate patterns of gene flow across the region (e.g. Kann & Wishner 1996; Bucklin et al. 2000) .
In this study, we have analysed samples spanning the entire North Atlantic range of C. finmarchicus (figure 1a; table 1) using recently developed microsatellite markers ( Provan et al. 2007 ) as well as a portion of the mitochondrial cytochrome b (CYTB) gene to address three key issues concerning the distributional response of C. finmarchicus to the effects of climate change. First, we have estimated levels of gene flow between regions and across the entire range of the species to elucidate potential for dispersal. We particularly wanted to test whether the populations associated with the Irminger Sea and the Norwegian Sea gyre systems are genetically distinct, as previously suggested (Bucklin et al. 2000) , since these represent the main centres of abundance for the species. If the levels of dispersal between the two areas are limited, decreases in population numbers in one are unlikely to be ameliorated by immigration from the other, for example, under a range-shift scenario induced by climate change. Second, we have used a coalescent approach together with palaeodistribution modelling to elucidate the historical population demography of C. finmarchicus and determine its response to previous fluctuations in Earth's climate during the Pleistocene glaciations. Knowledge of past LGM modelled distributions of C. finmarchicus based on current day and reconstructed sea surface temperature and bathymetry under the maximum entropy niche model. Labelled dots in (a) show sampling points (see table 1 for details). population dynamics may provide valuable insights into how populations might respond to current and future climatic changes in terms of whether they possess the necessary potential for dispersal to track these changes and thus maintain large effective population sizes or whether these periods are characterized by alternating phases of extinction and recolonization. Finally, we have tested whether the recent decrease in census population numbers has been accompanied by a genetic bottleneck in any or all of the regions studied since such bottlenecks can compromise the future adaptive potential of impacted populations.
MATERIAL AND METHODS
(a) Sample collection and DNA extraction Samples of C. finmarchicus were collected from a total of 14 sites spanning the northern North Atlantic from off Nova Scotia to the Lofoten Islands ( figure 1a) . Details of the location of the sampling sites are given in table 1. The samples were collected from the surface 100 m layer from hauls of standard mesozooplankton nets or equivalent and stored in ethanol. Specimens of C. finmarchicus were sorted from each sample microscopically by N. Holliday (Marine Biological Association, Plymouth, UK). DNA was extracted from whole individual copepods using the DNeasy Tissue Kit (Qiagen). In total, 313 individuals from 14 populations were used for microsatellite genotyping and 82 were sequenced for the mitochondrial CYTB gene (table 1) .
(b) Nuclear microsatellite genotyping Samples were genotyped for the following six loci: EH666474, EH666870, EL585922, EL696609, EL773359 and EL773519. Primer sequences and details of polymerase chain reaction (PCR) and electrophoresis conditions are described in Provan et al. (2007) .
(c) Mitochondrial CYTB sequencing Previous analyses of mitochondrial variation in copepods have mostly used the cytochrome oxidase subunit 1 (COI ) gene, which has been shown to evolve at an appropriate rate for intrapopulation studies in a range of animal species. Studies in C. finmarchicus, however, have suggested that there may be a nuclear pseudogene copy of the COI gene. Indeed, early papers by Bucklin et al. have reported variation in both the mitochondrial COI gene ( Bucklin et al. 1999) and, subsequently, the nuclear pseudogene copy (Bucklin et al. 2000) using the same PCR primers. As other authors have suggested that they have studied a bona fide mitochondrial COI gene in other copepods within both the genera Calanus and Neocalanus (Papadopoulos et al. 2005; Kirby et al. 2007) and thus the situation still lacks clarity, we decided instead to use the CYTB region, which, while exhibiting less variation than COI, has still been shown to provide sufficient resolution for intraspecific and intrapopulation studies (Papadopoulos et al. 2005) . A 307 bp fragment of the mitochondrial CYTB gene was amplified using the universal mollusc primers of Merritt et al. (1998) . PCR was carried out on a MWG Primus thermal cycler using the following parameters: initial denaturation at 948C for 5 min, followed by 40 cycles of denaturation at 948C for 1 min, annealing at 508C for 1 min, extension at 728C for 2 min and a final extension at 728C for 5 min. PCR was carried out in a total volume of 20 ml containing 200 ng genomic DNA, 20 pmol of forward primer, 20 pmol of reverse primer, 1! PCR reaction buffer (7.5 mM Tris-HCl [pH9.0], 2.0 mM [NH 4 ] 2 SO 4 , 5.0 mM KCl, 2.0 mM MgCl 2 ) and 1.0 U BIOTOOLS DNA polymerase. Five microlitre PCR products were resolved on 1.5 per cent agarose gels and visualized by ethidium bromide staining and the remaining 15 ml sequenced commercially (Macrogen, Korea). Sequences were aligned using the CLUSTALW program in the BIOEDIT software package.
(d) Palaeodistribution modelling Ecological niche modelling (ENM) was carried out to determine suitable habitats for C. finmarchicus at the last glacial maximum (LGM, ca 18 KYA) using the maximum entropy approach implemented in the MAXENT software package (v. 3.2.1; Phillips et al. 2006) . Present-day species occurrence data for C. finmarchicus were downloaded from the Global Biodiversity Information Facility data portal (www.gbif.org). A distribution model based on current sea surface temperature (SST) and bathymetry grids at one degree resolution (Bigg et al. 2008) was generated using MAXENT with the default parameters for convergence threshold (10 K5 ) and number of iterations (500) and projected onto reconstructed LGM data (Bigg et al. 2008) for the same parameters to identify potential refugial areas. Duplicate records from the same locality were removed to reduce the effects of spatial autocorrelation. The performance of the model was tested using 25 per cent of the occurrence data points to determine the area under the receiver operating characteristic (ROC) curve.
(e) Data analysis Nuclear microsatellite allele sizes were scored using a 10 bp ladder and were checked by comparison with previously sized control samples. To give an indication of levels of dispersal, population pairwise estimates of gene flow (Nm) based on nuclear microsatellites were calculated using the private alleles method (Slatkin 1985; Barton & Slatkin 1986 ) as implemented in the GENEPOP software package (v. 3.4; Raymond & Rousset 1995) . Population pairwise F ST values, which give an analogue of F ST ( Weir & Cockerham 1984) calculated within the analysis of molecular variance (AMOVA) framework (Excoffier et al. 1992) , were also calculated for both the nuclear microsatellite and mitochondrial CYTB data using the ARLEQUIN software package (v. 3.01; Excoffier et al. 2005) . Significance of population differentiation was estimated by permuting genotypes between populations. Overall levels of genetic differentiation between populations and between regions were also estimated from allele and haplotype frequencies using ARLEQUIN. In addition, a test for isolation by distance (IBD; Rousset 1997) was carried out using a Mantel test to assess the relationship between genetic distance, measured as F ST /(1K F ST ), and geographical distance in GENEPOP. To identify possible population structuring, the software package BAPS (v. 3.2; Corander et al. 2003 ) was used to identify clusters of genetically similar populations using a Bayesian approach. Ten replicates were run for all possible values of the maximum number of clusters (K ) up to KZ14, the number of populations sampled in the study.
As our results suggested genetic homogeneity, simulations were carried out using the POWSIM software package (v. 4.0; Ryman & Palm 2006) to eliminate the possibility of a type II error (false negative for population differentiation) based on the microsatellite data. Simulations were carried out for effective population sizes N e Z1000 and N e Z10 000 to yield F ST Habitat tracking in N. Atlantic copepods J. Provan et al. 303 values of 0.005, 0.01 and 0.02. Although C. finmarchicus undoubtedly has a much larger effective population size, this is not relevant to the analysis, since N e only determines the time necessary to reach the target F ST . Thus, the use of larger values of N e is unjustified as the difference between, say, N e Z 10 000 and 100 000 (and higher) is not important at values of F ST as small as those identified in our study (Nils Ryman, personal communication) . The tests were carried out for both the global (all 14 populations) and two groups (Irminger Gyre v. Norwegian Sea Gyre) scenarios. In all cases, 1000 replicates were run and the power of the analysis was indicated by the proportion of tests that were significant at p!0.05 using the respective allele frequencies at the six loci studied.
Long-term population demography was assessed using a generalized skyline plot implemented in the GENIE software package (v. 3.0; Pybus & Rambaut 2002 ). An unweighted pair-group method with arithmetic averages (UPGMA) ultrametric tree was generated from the mitochondrial CYTB data in PAUP* (v. 4.0.b10; Swofford 2002) and this was used to generate the skyline plot with the smoothing parameter (3) estimated using the 'maximize optimization' option. A mutation rate for the CYTB gene in Calanus was estimated based on the average divergence between Atlantic, Adriatic and Black Sea populations of C. helgolandicus and C. euxinus (Papadopoulos et al. 2005) . The average divergence between CYTB sequences was 0.371 per cent, compared with 0.467 per cent for COI. Thus, given that the COI mutation rate is 1.4-2.2 per cent/Myr (Knowlton & Weigt 1998) , the equivalent rate for the CYTB gene is 1.11-1.75 per cent /Myr. To test for the occurrence of a more recent genetic bottleneck in any of the populations, the Wilcoxon test for heterozygote excess in the microsatellite data was performed under the infinite alleles model, the stepwise mutation model and a two-phase model incorporating 90 per cent single-stepwise mutations using the program BOTTLENECK (v. 1.2; Piry et al. 1999) . The Wilcoxon test was used as it is recommended for a relatively low number of loci.
RESULTS
The six microsatellites analysed were moderately to highly polymorphic, between five and 20 alleles (mean 9.83) detected at each locus. A total of 12 substitutions were detected in the 307 bp alignment of the mitochondrial CYTB sequences, giving 11 haplotypes (figure 2a; electronic supplementary material, table S1). No significant genetic differentiation was observed at the interpopulation level or across the species's range in either the nuclear or mitochondrial datasets. Only three of 91 pairwise F ST values based on nuclear microsatellites were significantly different from zero (NS v. CB, EL v. NB and CB v. LO) and the only significant pairwise F ST value based on the mitochondrial CYTB data was between the EL and NB samples (data not shown). None of these was significant after sequential Bonferroni correction for multiple tests. On a range-wide scale, no significant genetic differentiation was found either between all populations across the species's range or between populations from the Irminger Gyre and those in the Norwegian Sea Gyre using both nuclear and mitochondrial markers (table 2) and there was no evidence of IBD. The BAPS analysis likewise found no evidence of any genetic structuring and assigned all 14 populations to a single cluster. The lack of population differentiation suggested by these analyses was reflected in high values of Nm between populations, which ranged from 1.87 (CB v. IP) to 7.37 (FS v. NB) and a range-wide value across all populations of 6.02 (electronic supplementary material, table S2). All values were above 1.00, which represents the theoretical threshold for population differentiation due to genetic drift ( Wright 1931) . The simulation studies suggested that a type II error due to low power of the markers used was unlikely. For both the global and twogroups scenarios, the microsatellite data were able to detect F ST values of as low as 0.01 at least 95 per cent of the time (electronic supplementary material, table S3).
For the ecological niche model generated by Maxent under current SSTand bathymetry, the area under the ROC curve value of 0.791 indicated a better than random prediction. A binomial test of omission confirmed that the model predictions were significantly better than random ( p!10
K8
) for all typical threshold values. The current model (figure 1a) was a good representation of the actual distribution of C. finmarchicus, while the palaeodistribution model (figure 1b) indicated potentially suitable habitats in three main areas, the Labrador Sea, the eastern North Atlantic and the Greenland Sea, that could have acted as refugia for C. finmarchicus during the LGM. Long-term persistence of the species in a refugium in one of these areas is supported by the generalized skyline plot, which suggested that the effective population size of C. finmarchicus has remained constant over the coalescent time of the sampled genealogy (figure 2b). Based upon the calculated mutation rate for the CYTB region studied (1.11-1.75%/Myr), this corresponds to a time of ca 359 000-566 000 BP. Finally, the Wilcoxon test for heterozygote excess did not indicate the recent genetic bottleneck in any of the populations under any of the three mutation models. Haplotype codes correspond to those in electronic supplementary material, table S1. (b) Generalized skyline plot for C. finmarchicus generated from the CYTB haplotype network. Based on the calculated mutation rate of 1.11-1.75 per cent/Myr, the final coalescent (i.e. rightmost) point corresponds to a time of ca 359 000-566 000 BP.
DISCUSSION
The findings of this study suggest that high levels of dispersal in the indicator copepod species C. finmarchicus have maintained a stable effective population size throughout previous episodic fluctuations in Earth's climate. Two main theories exist concerning the distributional responses of organisms to climate change. The hypothesis of habitat tracking implies that, given sufficient capacity for dispersal, species may shift their distributions to use available habitat and thus maintain stable community structures (Eldredge 1989; Coope 1994) . Under the alternative scenario, species with limited dispersal capabilities would become extinct in large parts of their ranges due to lack of suitable habitats, and subsequently recolonize from greatly reduced populations in refugial areas as the climate ameliorated (Bennett et al. 1991; Dalén et al. 2007; Provan & Bennett 2008) . The coalescent analysis carried out in this study shows a constant effective population size in C. finmarchicus over the period ca 359 000-566 000 BP, a period that includes several glacial/interglacial cycles of major climate change. Although the accuracy of molecular clocks is a much debated subject, we would have to invoke an unfeasibly high mutation rate of greater than 20 per cent/Myr if this population stability were only post-LGM. The long-term stability, combined with high levels of dispersal indicated by the lack of genetic structuring in extant populations across the species's range, suggests that the 'habitat tracking' scenario best explains the response of C. finmarchicus to climatic fluctuations. The alternative 'extinction-recolonization' hypothesis would be reflected in decreases in effective population size, which are not apparent. Evidence of habitat tracking has also been reported previously for the planktonic foraminifera Globorotalia truncatulinoides over the last 140 000 years (Renaud & Schmidt 2003) . Although the palaeodistribution model for C. finmarchicus highlighted multiple suitable areas of habitat, it is extremely likely that the species persisted through the LGM as a single, continuous population, since vicariance in multiple refugia would have led to the formation of distinct evolutionary lineages (Provan & Bennett 2008) . The presence of year-round sea ice at the LGM in the Labrador and Greenland Seas would appear to rule out these areas as potentially suitable habitats due to the lack of phytoplankton prey and observations of limited development at low temperatures (Hirche & Kosobokova 2007) , leaving the area in the eastern North Atlantic to the southwest of the British Isles as the most likely area for persistence of C. finmarchicus during the LGM.
It has been suggested that ocean current systems may represent hydrographic barriers to dispersal in planktonic species, including C. finmarchicus (Bucklin et al. 2000; Goetze 2005; Papetti et al. 2005) . If this is the case, scope for habitat tracking may be limited due to sequestration of large parts of the population within discrete gyre systems. Our finding of a lack of significant genetic variation between the Irminger Gyre and the Norwegian Sea Gyre populations does not support this idea. Bryant et al.
(1998) used a Lagrangian particle-tracking model to demonstrate the potential for the two sub-gyres of the Norwegian Sea Gyre to retain substantial proportions of populations of C. finmarchicus for up to a year but that finding does not necessarily imply that populations from the main gyre systems are hydrographically isolated. Exchange of individuals between the Norwegian Sea Gyre and the Irminger/Labrador Gyres may occur during the reproductive season as a result of lateral advective and mixing processes in the surface layers (Ivers 1975 ). This process is assisted by an apparent tendency for the C. finmarchicus adult stages to be associated with the margins of the two gyres where mixing between populations is more likely (Heath et al. 2008) . Such potential range-wide connectivity of C. finmarchicus populations implied by our study would appear to confirm the findings of a recent modelling study by Speirs et al. (2006) . Using more sophisticated techniques than employed previously, they demonstrated that inoculation of a single spatial cell of the model in either the Labrador Sea in the west or the Norwegian Sea in the east resulted in range-wide dispersal of the populations throughout the northern North Atlantic within a 6-year period, suggesting the high levels of connectivity across the region that would be necessary for successful habitat tracking.
The response of calanoid copepods to climate change is of crucial importance to the entire North Atlantic ecosystem in general, and to fisheries in particular. C. finmarchicus is central to the 'bottom-up' maintenance of healthy fish stocks in the region, and the survival of larval cod is partly dependent on an abundance of planktonic prey (Beaugrand et al. 2003; Alheit et al. 2005) . It is believed that replacement of C. finmarchicus by congeneric species as a result of climate change may lead to a mismatch between the timings of development of juvenile cod and their calanoid prey (Beaugrand et al. 2003; Hirche & Kosobokova 2007) . A recent ENM study, however, has suggested that cod survived the LGM in North Atlantic refugia (Bigg et al. 2008 ) and this may also indicate the concurrent survival of calanoid prey.
Despite the recorded decrease in census population numbers (Helaouët & Beaugrand 2007) , the inferred long-term persistence of C. finmarchicus and the apparent absence of a significant recent genetic bottleneck in the population suggest that any detrimental effects of climateinduced range shifts have not yet become manifest. The apparent discrepancy between maintaining stable and/or Habitat tracking in N. Atlantic copepods J. Provan et al. 305 large effective population sizes despite observed decreases in census population size is not unknown (e.g. Dutton et al. 1999; Ribeiro et al. 2008) and, given that effective population size is strongly correlated with evolutionary potential ( Frankham et al. 2003) , this is an extremely positive sign in the extant C. finmarchicus population. Nevertheless, although our results suggest that the dispersal capacity of C. finmarchicus may be sufficient to ameliorate the genetic effects of climate-induced changes in habitat availability, they do not preclude the need for future monitoring, both in terms of genetics and biomass.
